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Nano-Tera.ch 
(c) Giovanni De Micheli  
A very successful Swiss research program 
 funding large collaborative multi-disciplinary projects 
  aiming at the engineering of complex systems 
   domains of Health and the Environment  
Research, Design & Engineering of complex tera-scale systems 
 using nano-scale devices and technologies 
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Nano-Tera.ch: Key figures 
•  ~30M/year funding for 9 years (2009-2017) 
•   150   Projects funded overall 
•     50   Swiss Research institutions (involved with PIs or CoPIs) 
•  1300  Researchers 
•   360   PhD students involved overall 
 
Distribution of research groups 
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Example: Tele-medicine 
 
§  Monitoring chronic patients 
§  Non-invasive monitors  
§  Heart rate, SpO2, blood pressure 
§  Invasive monitors: 
§  Metabolites: glucose, lactate, cholesterol 
§  Continuous measurements calibrated in T and pH 
§  Wireless challenges 
§  Secure transmission 
§  Energy supply 
[Courtesy: Smartcardia] 
6  
 
Implanted computing example 
Muti-sensor for lab animals 
Chip layers 
Chip implant in mouse Step injection response 
[Baj-Rossi et al., 15] 
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Tele-medicine 
Remote ultrasound diagnosis 
§  Ultrasound (US) imaging is widely used 
§  Standard US needs a radiologist to operate the probe 
§  Hard to use in emergencies and in remote areas 
§  3D  Ultrasound can obviate this problem 
§  3D volumes can acquired by non-specialist 
§  Then transmitted to medical provider 
§  Then sectioned and analyzed remotely 
§  Current 3D systems are bulky,  
expensive and power-hungry 
8  
 8 
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Tele-medicine 
Remote ultrasound diagnosis 
§  Design portable 3D US system  
§  Lightweight, low-power, wirelessly connected 
§  Tight integration of probe and beamforming electronics 
§  High processing power 
§  Heat removal 
 
New 2D probes 
for 3D image 
acquisition 
New low-power, 
low-cost 
hardware design 
Image 
reconstruction, 
rotation & 
sectioning 
[Courtesy: Benini, ETHZ] 
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Example: Monitoring the Alps 
(c) Giovanni De Micheli  
Target:  Safety in an alpine environment 
Technology: Networked stations for rock/ice movement 
(c) Giovanni De Micheli 
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Autonomous swimming robot 
(c) Giovanni De Micheli  
12  
 
§  Electronic system design spans multiple dimensions 
§  Computing, storage, communication, transducing 
§  New computing paradigms are on the horizon 
§  New materials, devices and circuits  
§  Enhance CMOS devices 
§  Integration of computing and sensing 
§  New design methods and tools 
§  Broader system view requires corresponding tools 
§  Revisit synthesis and verification algorithms 
Key points 
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Emerging nano-technologies 
§  Enhanced silicon CMOS is likely to remain the main 
manufacturing process in the medium term 
§  The 7nm and 5nm technology nodes are on the way 
§  What are the candidate technologies beyond the 
5nm node? 
§  Silicon Nanowires (SiNW) 
§  Carbon Nanotubes (CNT) 
§  2D devices  (Flatronics) 
§  … and many others 
§  What are the differentiators and common 
denominators from a design standpoint? 
(c) Giovanni De Micheli  
IMEC VIEW OF LOGIC TECHNOLOGY ROADMAP
Early production 2014
iN14
2016
iN10
2017-2018
iN7
2018-2019
iN5
>2020
iN3
Vdd (V) 0.8 0.8-0.7 0.7-0.6 0.7-0.5 0.6-0.5
Gate Pitch (nm) 70-90, 193i 52-64, 193i 36-46, 193i 26-36, EUV, 193i 18-28, EUV, 193i
Device FinFET FinFET FinFET {HGAA} HGAA HGAA {VGAA}
Channel nfet/pfet Si / Si Si / Si {SiGe} Si / SiGe Si/ SiGe High mobility
Vertical nanowire (VGAA)
FinFET Lateral nanowire (HGAA)FinFET FinFET Lateral nanowire (HGAA)
FinFet scaling
Novel device architectures & high mobility channels
h/vGAA=horizontal/vertical Gate-all-Around nanowire
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Silicon Nanowire Transistor 
(c) Giovanni De Micheli  
§  Fully compatible with CMOS process 
§  Gate all around 
§  High Ion / Ioff ratio 
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FinFET to Nanowire FET 
FinFET NW FET 
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Vertically-aligned SInW 
(c) Giovanni De Micheli  [EPFL] 
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Vertical silicon nanowire transistors 
(c) Giovanni De Micheli  
§  Fully compatible with CMOS process 
§  Higher device density 
§  More complex fabrication process 
[Guerfi, Nanoscale 16] 
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Carbon Nanotube Transistors 
(c) Giovanni De Micheli  
§  CNTs benefit from higher mobility and thus higher currents 
§  CNTs grown separately but can be ported to Si wafers 
§  Handling CNT imperfection is major design and fabrication issue  
[Shulaker, Wong, Mitra et al, Nature 13]  
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CNT nanocomputer 
(c) Giovanni De Micheli  
§  First CNT computing engine 
§  Runs 20 MIPS instructions 
§  Multitasking 
[Shulaker, Wong, Mitra et al, Nature 13]  
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2D electronic technologies 
(c) Giovanni De Micheli  
§  Graphene, MoS2 and other materials 
§  Single or few atomic layers 
§  High Ion / Ioff ratio for MoS2 (108) but n-type mainly 
[Kis, Nature Nano 2011] 
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(Supplementary Fig. 3), an on/off ratio of B108, and uniform
behaviour over a B50mm2 area over the wafer (Supplementary
Fig. 4). The circuit is based on the NMOS logic family, where
both pull-up (load) and pull-down networks were realized using
n-type enhancement-mode FETs. The implementation of an
inverter (see circuit schematic in Fig. 2d) using this logic family is
shown in Fig. 2a (top). A careful design of the W/L ratios, where
W and L denote the width and length of the FET channels, is
crucial, as it determines the switching threshold voltage VM and
thus the ability to cascade logic stages. For simple analytic
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Figure 1 | Microprocessor architecture. (a) Block diagram, showing the arithmetic logic unit (ALU) with inputs A and B, accumulator (AC), control unit
(CU), instruction register (IR), output register (OR) and program counter (PC). Enable signals (EA and EO) and operation selection code (A/O) are
supplied by the CU to the respective subunits. CLK signal generation and memory are implemented off-chip. (b) Timing diagram for the Nth instruction
cycle. During the FETCH sequence the content of the memory is loaded into the IR and the address, stored in the PC, is increased. During the EXE sequence
the command, stored in the IR, is executed. (c) Instruction set of the microprocessor. NOP is the no-operation instruction; LDA transfers data from the
memory into the AC; AND and OR perform logical operations.
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Figure 2 | Characterization of MoS2 transistors and inverter. (a) Schematic drawing of an inverter circuit (top) and an individual MoS2 transistor
(bottom) in gate-first technology (see Supplementary Fig. 5 for corresponding micrograph). (b) Transfer characteristics of load (W/L¼45/2) and
pull-down (W/L¼ 7/5) transistors. (c) Output characteristic for gate voltages between 1 and 5V (in 1 V steps). (d) NMOS inverter circuit schematic.
(e) Graphical construction to determine the output voltage VOUT of an inverter for a given input voltage VIN. The blue symbols show the load curve
and the red lines are the output characteristics of the pull-down transistor (in 0.25V steps). The intersection point of both curves determines VOUT. (f) The
solid line shows the measured voltage transfer characteristic of an inverter. By mirroring this curve (dashed line) a butterfly plot is obtained, from which
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MoS2 nanocomputer 
(c) Giovanni De Micheli  
§  First MoS2 computing engine 
§  Runs 4instructions 
§  115 N-xtors (enhancement load) 
§  2 micron feature size 
[Wacter et l. Natur  Comm, 2017]  
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Double gate SiNW FET 
§  Electrostatic doping 
§  Electrically program the transistor to either p-type or n-type 
§  Comparator-activated switch 
CG 
PG 
S 
D 
CG 
S 
D 
CG 
S 
D 
p-FET 
n-FET 
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Fabricated device view 
100 nm gate segments 
350-nm long nanowires 
20-40 nm wire diameter 
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Device working principle 
PG = 1à n-type
CG = 0
PG = 1à n-type
CG = 1
PG = 0à p-type
CG = 1
PG = 0à p-type
CG = 0
ON 
OFF 
ON 
OFF 
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Device Id/Vcg 
Vcg
Vpg
Vds=2V 

Vpg = 0V
Vpg = 2V
Vpg = 4V
 0  2 3 4







	


Vcg [V]
Lo
g(
 Id
 [A
] )
	

[Courtesy: De Marchi, IEDM 12] 
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Three-independent-gate SiNWFET 
  
2
7 
	
			

	
	

S D PGS CG PGD State 
 
 
 
0 
 
 
 
1 
0 0 0 ON (P-type) 
1 1 1 ON (N-type) 
0 1 0 OFF (LVT) 
1 0 1 OFF (LVT) 
0 0 1 OFF (HVT) 
0 1 1 OFF (HVT) 
v Electrostatic control v Structure 
•  Vertically stacked nanowires 
•  3 independent gate regions 
•  Schottky barrier contacts at S/D 
•  Polarity and Vt controllability 
S='0'
D='1'
PGS CG PGD
'0' '0' '0'
ON
(a)
p-type
S='0'
PGS CG PGD
D='1'
'0' '0''1'
OFF
(b)
OFF-Low Leakage
PGS PGDCG
'0' '0' '1'
D='1'
S='0'
(c)
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Controllable polarity in 2D 
(c) Giovanni De Micheli  
2D Controllable-polarity transistor ( WSe2 ) 
[Resta, Scientific Reports 2016] 
However, the most studied material of the TMDCs family, MoS2, has proven to be a viable solution only for 
the realization of n-MOS devices6,7, since a strong Fermi-level pinning at the contacts interface prevents the 
efficient realization of p-type FETs16. So far, the most promising material for the realization of both n- and p-
type devices is arguably tungsten diselenide (WSe2), for which high carrier mobility17, ambipolar behavior18 
and CMOS devices have been reported experimentally8,9. The ambipolar behavior of WSe2 has recently been 
exploited to realize polarity-controllable devices, based on undoped Schottky-barrier (SB) double-
independent-gate (DIG) FETs19.  
Here, the need for physical doping of the devices is eliminated, and the Schottky barriers created at source and 
drain are tuned by an additional gate, namely program gate (PG), in order to select the charge carriers that can 
be injected in the channel. This class of devices allows the dynamic selection of the transistor polarity by the 
use of the PG, acting at the contact interfaces, while the control gate (CG), acting in the central region of the 
channel, controls the ON/OFF status of the device. 
  
 
The possibility of using electrostatic doping to control the device polarity avoids any complicated doping step 
during the fabrication process, to the benefit of fabrication simplicity and device regularity. In fact, no 
Al2O3&
Source&
Drain&
PG&
PG&
CG&
WSe2&ﬂake&
1μm$
VPG$="#4V$
p"type%opera)on#
VPG$$from"#4"to"#12V"
""""""""""in"#2V"steps$
VPG$="#12V$
VDS$="1V$
VPG$="10V$
VPG$="2V$
!!n#type%opera)on!
VPG$$from"2"to"10V"
"""""""in"2V"steps$
VDS$="1V$
a" b" c"
Fig. 1 Experimental demonstration of polarity-controllable behavior in WSe2. (a) AFM topography 
image of the experimental device, recolored to highlight the device structure. Both the PG and CG were 
realized as bottom-gates. The thickness of the flake was 7.5nm. (b) p-type transfer characteristics measured 
sweeping the voltage applied to the control gate (VCG) at different negative VPG voltages. (c) n-type transfer 
curves measured on the same device with positive voltages applied to the PG. The experimental device had 
1.5µm channel length and 5.5µm channel width. 
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Controllable polarity in 2D 
(c) Giovanni De Micheli  
2D Controllable-polarity EXOR in  WSe2 
[Resta, ACS Nano 2017] 
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Standard cell library 
G.V.Resta et al. ACS Nano 12(7), 7039-7047, 2018 
30 
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Modeling various emerging nanogates 
(c) Giovanni De Micheli  
A B 
S D 
CNFETs 
SiNWFETs 
2D FETs Reversible gates 
6T Nanorelays 
4T Nanorelays 
However, the most studied material of the TMDCs family, MoS2, has proven to be a viable solution only for 
the realization of n-MOS devices6,7, since a strong Fermi-level pinning at the contacts interface prevents the 
efficient realization of p-type FETs16. So far, the most promising material for the realization of both n- and p-
type devices is arguably tungsten diselenide (WSe2), for which high carrier mobility17, ambipolar behavior18 
and CMOS devices have been reported experimentally8,9. The ambipolar behavior of WSe2 has recently been 
exploited to realize polarity-controllable devices, based on undoped Schottky-barrier (SB) double-
independent-gate (DIG) FETs19.  
Here, the need for physical doping of the devices is eliminated, and the Schottky barriers created at source and 
drain are tuned by an additional gate, namely program gate (PG), in order to select the charge carriers that can 
be injected in the channel. This class of devices allows the dynamic selection of the transistor polarity by the 
use of the PG, acting at the contact interfaces, while the control gate (CG), acting in the central region of the 
channel, controls the ON/OFF status of the device. 
  
 
The possibility of using electrostatic doping to control the device polarity avoids any complicated doping step 
during the fabrication process, to the benefit of fabrication simplicity and device regularity. In fact, no 
Al2O3&
Source&
Drain&
PG&
PG&
CG&
WSe2&ﬂake&
1μm$
VPG$="#4V$
p"type%opera)on#
VPG$$from"#4"to"#12V"
""""""""""in"#2V"steps$
VPG$="#12V$
VDS$="1V$
VPG$="10V$
VPG$="2V$
!!n#type%opera)on!
VPG$$from"2"to"10V"
"""""""in"2V"steps$
VDS$="1V$
a" b" c"
Fig. 1 Experimental demonstration of polarity-controllable behavior in WSe2. (a) AFM topography 
image of the experimental device, recolored to highlight the device structure. Both the PG and CG were 
realized as bottom-gates. The thickness of the flake was 7.5nm. (b) p-type transfer characteristics measured 
sweeping the voltage applied to the control gate (VCG) at different negative VPG voltages. (c) n-type transfer 
curves measured on the same device with positive voltages applied to the PG. The experimental device had 
1.5µm channel length and 5.5µm channel width. 
A B 
CNFETs 
SiNWFETs 
Graphene FETs Reversible Logic 
6T Nanorelays 
4T Nanorelays 
t"
c2"
(c1"c2"…"cn)""""t"⊕
c1"
cn"
c2"
c1"
cn"
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§  Multi-gate transistors offer enhanced functionality 
§  Realizable in various materials and shapes 
§  Increase computational density 
§  Atomic operation is comparison 
§  Switch activated by equality  
§  Device-level programmability 
§  Useful for FPGA and other flexible design scenarios 
 
Key points 
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Outline 
§  Introduction and motivation 
§  Examples of distributed computing 
§  Technological innovations 
§  Emerging nanotechnologies and devices   
§  Design with emerging technologies 
§  Physical and logic synthesis 
§  The majority paradigm in logic synthesis 
§  Models, algorithms and tools 
§  Conclusions 
(c) Giovanni De Micheli  
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Logic cell design  
for controllable polarity gates 
§  CMOS complementary logic is efficient only for negative-unate 
functions (INV, NAND, NOR…etc) 
§  Controllable-polarity logic is efficient for all functions 
§  Best for XOR-dominated circuits (binate functions)
Gnd 
Vdd 
INV XOR2 
Only 4 transistors when compared to 8 
transistors with a regular CMOS 
Vdd 
A 
A 
Vdd 
Gnd 
Gnd 
B 
B 
Y 
NAND2 
Similar to regular CMOS 
Negative Unate functions Binate functions 
[Courtesy: H. Ben Jamaa, ’08](c) Giovanni De Micheli  
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Physical design 
§  Sea of Tiles: Homogeneous array of Tiles 
Tile	 Tile	 Tile	 Tile	 Tile	 Tile	
Tile	 Tile	 Tile	 Tile	 Tile	 Tile	
Tile	 Tile	 Tile	 Tile	 Tile	 Tile	
Tile	 Tile	 Tile	 Tile	 Tile	 Tile	
(c) Giovanni De Micheli  
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Dumbbell-stick diagrams 
Dumbbell-stick		
Transistor	
pairing	
Control	gates	
connected	together	
Transistor	
grouping	
Polarity	gates	
connected	together	
C
on
tr
ol
 
Polarity  
So
ur
ce
 
D
ra
in
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Layout abstraction and regularity 
NAND2	 XOR2	
Two	transistor	pairs	
grouped	together	
G2 
g1 
G1 
G2 
g2 
G1 
n1 
n2 
n3 
n6 
n5 
n4 
(c) Giovanni De Micheli  [Courtesy: Bobba, DAC 12] 
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Biconditional Binary Decision Diagrams 
§  Native canonical data structure for logic design 
§  Biconditional expansion: 
f (v,w,.., z) = (v⊕w) f (w ',w,.., z)+ (v⊕w) f (w,w,.., z)
§  Each BBDD node: 
§  Has two branching variables 
§  Implements the biconditional expansion 
§  Reduces to Shannon’s expansion for 
single-input functions 
 
PV=v
f(v,w,..,z)
f(w’,w,..,z) f(w,w,..,z)
SV=w
PV=SVPV=SV
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Efficient Direct Mapping of BBDD Nodes 
f(w,w,..,z)f(w’,w,..,z)
f(v,w,..,z)
0 1
v
f(v,w,..,z)
f(w’,w,..,z) f(w,w,..,z)
w
=
BBDD MUX-XNOR
     =
v   w
f(w’,w,..,z) f(w,w,..,z)
f(v,w,..,z)
v   w
v   w
v   w
v   w
Transistor-level 
Implementation
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§  Design methods and tools for multi-gate transistors 
§  Compact realization of EXOR, parity and binate functions 
§  Useful for data path and arithmetic  
§  Smart wiring must complement enhanced functionality 
§  Circuits can be designed in terms of different primitives 
§  Majority function and comparison 
§  Bread and butter for addition and multiplication 
Key points 
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Outline 
§  Introduction and motivation 
§  Examples of distributed computing 
§  Technological innovations 
§  Emerging nanotechnologies and devices   
§  Design with emerging technologies 
§  Physical and logic synthesis 
§  The majority paradigm in logic synthesis 
§  Models, algorithms and tools 
§  Conclusions 
(c) Giovanni De Micheli  
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§  Majority logic has sound mathematical foundations 
§  Opportunity to design better/faster circuits 
 
§  Majority gates can implement threshold functions 
§  Key technology for neuromorphic computing 
§  Design methods and tools are still in infancy 
§  Majority is the computational abstraction in some emerging technologies 
§  Spin-wave devices, QCA, Resistive RAMs 
 
§  Many distributed systems acquire large data sets 
§  Deal with errors and aggregate values 
In fact <x,y,z> is probably the most important ternary operation in 
the entire universe, because it has amazing properties that are 
continuously being discovered and rediscovered   
 
D. Knuth – The Art of Computer Programming, Vol. 4A 
 
Why majority logic? 
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§  Majority logic is a powerful generalization of AND/ORs 
§  MAJ(a,b,c)=ab+ac+bc. MAJ(a,b,1)=a+b. MAJ(a,b,0)=ab. 
§  Unlocks optimization opportunities not apparent before 
Why majority logic? 
AND 
AND OR AND OR 
OR 
AND 
OR 
x0 x1 
x2 
x3 x4 
f  
MAJ 
MAJ 
x0 x1 x2 
x3 x4 
f  
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Synthesis Motivation for Majority 
44 
MCNC.GENLIB 
AND 
AND OR AND OR 
OR 
OR 
OR 
x0 x1 
x2 
x3 x4 
f  
MAJ 
MAJ 
x0 x1 x2 
x3 x4 
f  
module ANDOR (                 
    x0, x1, x2, x3, x4, 
    z0  ); 
  input  x0, x1, x2, x3, x4; 
  output z0; 
  wire n6, n7, n8, n9, n10, n11; 
     nor2  g0(.a(x4), .b(x3), .O(n6)); 
     nand2 g1(.a(x4), .b(x3), .O(n7)); 
     inv1  g2(.a(x0), .O(n8)); 
     inv1  g3(.a(x1), .O(n9)); 
     nand2 g4(.a(n9), .b(n8), .O(n10)); 
     inv1  g5(.a(x2), .O(n11)); 
     nand2 g6(.a(x1), .b(x0), .O(n12)); 
     nand2 g7(.a(n12), .b(n11), .O(n13)); 
     nand2 g8(.a(n13), .b(n10), .O(n14)); 
     aoi21 g9(.a(n14), .b(n7), .c(n6), .O(z0)); 
endmodule 
module MAJ (                 
    x0, x1, x2, x3, x4, 
    z0  ); 
  input  x0, x1, x2, x3, x4; 
  output z0; 
  wire n6, n7, n8, n9, n10, n11; 
     oai21 g0(.a(x2), .b(x1), .c(x0), .O(n6)); 
     nand2 g1(.a(x2), .b(x1), .O(n7)); 
     nand2 g2(.a(n7), .b(n6), .O(n8)); 
     or2   g3(.a(x4), .b(x3), .O(n9)); 
     nand2 g4(.a(n9), .b(n8), .O(n10)); 
     nand2 g5(.a(x4), .b(x3), .O(n11)); 
     nand2 g6(.a(n11), .b(n10), .O(z0)); 
endmodule 
Area
=16 
Dela
y=4.
60 
Area
= 8 
Dela
y=4.
60 
Area  Delay  
Area  Delay  
odule J (                 
    x0, x1, x2, x3, x4, 
    z0  ); 
  input  x0, x1, x2, x3, x4; 
  output z0; 
  ire n6, n7, n8; 
    inv1  g0(.a(x3), .O(n6)); 
    i v1  g1(.a(x4), .O(n7)); 
    min3  g2(.a(x2), .b(x1), .c(x0), .O(n8)); 
    min3  (. (n8), . (n7), .c(n6), .O(z0)); 
endmo ule 
Area
=12 
Dela
y=3.
20 
+ MIN3 
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How to Exploit Majority Logic? 
45 
We want good and scalable methods for manipulating MAJ 
             State-of-the-art 
•  AND-OR Inverter Graphs 
(AOIGs)  
•  Use traditional Boolean 
algebra axioms and 
theorems to manipulate & 
optimize AOIGs 
             For majority  
•  Majority Inverter Graphs 
(MIGs)  
•  New Boolean algebra to 
deal natively with majority 
and inverters  
46  
 
Majority-Inverter Graph 
46 
Definition: An MIG is a logic network consisting of  3-input 
majority nodes and regular/complemented edges  
  
MAJ 
MAJ MAJ 
MAJ 
MAJ 
[Amaru’ DAC 14] 
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MIG Properties 
47 
AOIGs è MIGs 
AND 
OR 
OR 
x0 x1 x3 x4 
f  
MAJ 
MAJ 
MAJ 
x0 x1 x3 x4 
f  
1 
1 
1 
MIGs include AOIGs include AIGs    
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Manipulating MIGs: 
MIG Boolean Algebra 
1- Commutativity: M(x, y, z) = M(y, x, z) = M(z, y, x) 
2- Majority: if(x = y), M(x, y, z) = x = y 
          if(x = yʹ), M(x, y, z) = z  
3- Associativity: M(x, u, M(y, u, z)) = M(z, u, M(y, u, x)) 
4- Distributivity: M(x, y, M(u, v, z)) = M(M(x, y, u), M(x, y, v), z)  
5- Inverter Propagation: Mʹ(x, y, z) = M(xʹ, yʹ, zʹ)  
 
Ω 
Theorem: (B,M,’,0,1) subject to axioms in Ω is a Boolean algebra     
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Properties 
§  The Boolean algebra with axioms Ω is: 
§  Sound: 
-  If a formula is derivable from Ω, then it is valid 
§  Complete: 
-  Each valid formula is derivable from Ω
 
§  Any MIG configuration is reachable from any other 
equivalent MIG configuration 
(c) Giovanni De Micheli  
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Optimizing MIGs 
50 
1- Commutativity: M(x, y, z) = M(y, x, z) = M(z, y, x) 
2- Majority: if(x = y), M(x, y, z) = x = y 
          if(x = yʹ), M(x, y, z) = z  
3- Associativity: M(x, u, M(y, u, z)) = M(z, u, M(y, u, x)) 
4- Distributivity: M(x, y, M(u, v, z)) = M(M(x, y, u), M(x, y, v), z)  
5- Inverter Propagation: Mʹ(x, y, z) = M(xʹ, yʹ, zʹ)  
Ω 
§  MIGs are optimized by stepwise transformations 
§  Based on axioms and derivatives 
§  What we really care about?  
§  Area 
§  Delay   
§  Power 
è    MIG size  
è    MIG depth 
è    MIG switching activity 
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MIG Size Optimization 
51 
§  How to reduce the number of nodes in an MIG?  
§  Let’s see what comes handy from Ω: 
1- Commutativity: M(x, y, z) = M(y, x, z) = M(z, y, x) 
2- Majority: if(x = y), M(x, y, z) = x = y 
          if(x = yʹ), M(x, y, z) = z  
3- Associativity: M(x, u, M(y, u, z)) = M(z, u, M(y, u, x)) 
4- Distributivity: M(x, y, M(u, v, z)) = M(M(x, y, u), M(x, y, v), z)  
5- Inverter Propagation: Mʹ(x, y, z) = M(xʹ, yʹ, zʹ)  
 
Ω 
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MIG Depth Optimization 
52 
§  How to reduce the depth of an MIG?  
§  Let’s see what comes handy from Ω: 
1- Commutativity: M(x, y, z) = M(y, x, z) = M(z, y, x) 
2- Majority: if(x = y), M(x, y, z) = x = y 
          if(x = yʹ), M(x, y, z) = z  
3- Associativity: M(x, u, M(y, u, z)) = M(z, u, M(y, u, x)) 
4- Distributivity: M(x, y, M(u, v, z)) = M(M(x, y, u), M(x, y, v), z)  
5- Inverter Propagation: Mʹ(x, y, z) = M(xʹ, yʹ, zʹ)  
 
Ω 
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88 nodes 
24 levels 
83 nodes 
7 levels 
8-bit adder: original  
8-bit adder: MIG 
MIG Depth Optimization: Adders 
Adder type Inputs Outputs Original AIG Optimized MIG
Size Depth Size Depth
2-op 32 bit 64 33 352 96 610 12
2-op 64 bit 128 65 704 192 1159 11
2-op 256 bit 512 257 2816 768 7650 16
3-op 32 bit 96 32 760 68 1938 16
4-op 64 bit 256 66 1336 136 2212 18
1
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Majority-based synthesis: MIGthy 
§  MIGhty: a logic manipulation package for MIG 
§  MIGhty reads and writes Verilog  
§  Different optimization strategies (depth/area/activity) 
§  Hybrid optimization: depth-oriented with area/power recovery phases 
§  MCNC, IWLS’05, arithmetic HDL benchmarks  
§  Comparison with ABC, BDS and commercial synthesis tool 
§  First set of experiments: pure logic optimization 
§  Second set of experiments: complete design flow (logic optimization + 
technology mapping + physical design) 
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Experimental Results: MCNC circuits 
(c) Giovanni De Micheli 
MIGs depth 
-20% w.r.t AIGs 
MIGs size & 
activity ~ AIGs 
MIGs & AIGs 
better than BDDs 
Logic Synthesis: MIGthy 
MIG
AIG
BDD
2,300
2,400
2,500
2,600
2,700
650
700
30
35
40
Size
Activity
D
ep
th
56  
 
All circuits underwent formal 
verification with success 
-{15%, 5%, 2%} 
delay, area, power 
w.r.t. commercial design 
flow 
32-bit Divisor (IP) 
MIG as front-end to LS & PD 
Advanced 22nm CMOS 
MIG as front-end to LS & PD 
27 benchmarks from IWLS’05 
and large HDL (~0.5 Mgates) 
Behavioral MIG 
CMOS Design Results 
56 
Well-established 90nm CMOS 
Both circuits underwent formal 
verification with success 
Area: 0.18 mm2 
Delay: 10.10 ns 
GC: 24k 
Area: 0.21 mm2 
Delay: 11.22 ns 
GC: 37k 
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Modeling various emerging nanogates 
(c) Giovanni De Micheli  
Resistive RAM 
Spin Wave Device QCA 
MAJ 
z y x 
f  
Spin Transfer Torque 
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Spin Wave Device  
feature size 24 nm  
Nanoarchitecture Design 
58 
DG-SiNWFET 22 nm 
Divisor 32-bit IP  
Behavioral MIG 
Area: 6115 um2 
Delay: 3.55 ns 
GC: 43k 
Area: 4863 um2 
Delay: 5.32 ns 
GC: 35k 
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59 
§  Majority-Inverter Graphs with their Boolean algebra 
push further the capabilities of modern logic synthesis  
§  Significant improvements for general benchmarks, 
and also for highly-optimized units (e.g., div32)  
as compared to commercial tools 
§  Support for emerging nanotechnology libraries  
Key points 
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Outline 
§  Introduction and motivation 
§  Examples of distributed computing 
§  Technological innovations 
§  Emerging nanotechnologies and devices   
§  Design with emerging technologies 
§  Physical and logic synthesis 
§  The majority paradigm in logic synthesis 
§  Models, algorithms and tools 
§  Conclusions 
(c) Giovanni De Micheli  
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61 
§  Emerging nano-technologies with enhanced-functionality 
devices increase computational density and enable 
complex cyber-physical system integration 
§  New design, synthesis and verification methods stem from 
new abstractions of computing devices 
§  Current logic synthesis is based on specific heuristics: 
new models with stronger properties lead us to better 
methods and tools for both CMOS and emerging devices 
Conclusions 
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Thank you 
